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after  irradiation,  100%  of  Sm-BRM-treated  mite  and  70%  of  S-TDCM-treated  mice  survived,  whereas  (£30%  of  mice 
treated  with  LF^,  MPL,  or  TS  survived.  Thus,  sublethal  irradialitm  induces  transient,  splenic  cylokine  gene  expression 
that  can  be  differentially  amplified  and  prolonged  by  BRMs.  BRMs  that  sustained  and/or  enhanced  irradiation-induced 
expression  of  specific  cytokine  genes  improved  survival  after  experimental  infection.  The  Journal  of  Immunology, 
1994,  153:  2321. 


Bone  marrow  failure  is  an  inevitable  consequence 
of  life-threatening  radiation  injuries,  and  the  se¬ 
verity  and  duration  i.f  the  resulting  neutropenia 
influence  morbidity  and  mortality  (1,2).  Survival  after  ir- 
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radiation  requires  regeneration  of  bone  marrow  from  qui¬ 
escent  hematopoietic  stem  cells  (3,  4).  Proliferation  and 
differentiation  of  these  hematopoietic  progenitors  depends 
on  the  endogenous  expression  of  hematoregulatory  cyto¬ 
kines  (3-5).  Therapeutic  administration  of  IL-1,  TNF-a, 
IL-6,  or  SCF^  after  lethal  irradiation  improves  survival  in 
animals,  .suggesting  the  importance  of  these  hematopoietic 
regulatory  cytokines  after  radiation  (6-10).  Ncta  ct  al. 
(11-14)  report  that  pretreatment  of  irradiated  mice  with 
Abs  specific  for  IL-l  receptor,  TNF-a,  lL-6,  or  SCF  sig- 
niticanlly  decreases  survival,  whereas  admini.stra'  on  of 
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CYTOKINE  CiENE  EXPRESSION  AFTER  SUBI  ETHAL  (.AMMA  IRRADIATION 


Abs  specific  ftw  ll.-.T.  II.-4.  (iM-fSE.  or  IFN->  d«Ks  not 
■Iter  Mirvival.  TitcM.*  data  suggest  that  after  radiation  injury 
presence  of  specific  cy  tokines  arc  critical  foi  restoration  of 
Nme  mamm  and  h*is;  surs  ival  hut  do  not  address  the  issue 
of  induction  (M  elevation  of  these  cviirkines. 

it  is  clear  that  the  therapeutic  administration  of  a  single 
hemaiorcfulat«iry  cytokine  can  accelerate  hemahrpoictic 
reemerv  in  vivo  after  radiation  injury.  Him  ever,  in  vitro 
studies  mdicalc  that  hoiK  mamns  must  he  exposed  to  mul¬ 
tiple  heroaiopoietic  gnmih  faciors  to  achieve  optimal  my- 
eloprtlifcration  (.T.  4)  An  altcnutivc  to  the  therapeutic 
adminisiration  of  multiple  cyiokiites  in  vivo  after  irradia¬ 
tion  is  the  use  of  a  single  BRM  that  induces  the  endoge¬ 
nous  expression  of  many  henutoregulatory  cytokines  (15). 
For  example.  t,PS  stimulates  expression  of  several  C'SFs. 
IL-I.  TNF-a.  and  IL-h.  and  administration  of  LPS  to  mice 
after  lethal  irradiation  improves  survival  (lfi-IK).  Unfor- 
tuiMtely.  preclinical  and  clinical  studies  indicate  that  I.PS 
is  prohibitively  toxic  (IV-22).  Consequently,  other  hacte- 
rially  derived  BRMs  have  been  developed  that  retain  radio¬ 
protective  and/or  radiolherapcutic  properties  hut  exhibit  less 
toxicity.  These  agents  indu^  MPL,  a  dcphosphorylatcd  de¬ 
rivative  of  the  lipid  A  moiety  of  LPS;  S-TDCM,  a  chemical 
prqMratkm  similar  to  a  native  cell  wall-associated  glycolipid 
isolated  from  Corynehacterium  species;  and  Sm-BRM,  a  cell 
mcmbranc.'ribosomal  RNA-sized  vesicle  preparation  isolated 
from  Serraiia  marcescens. 

Although  therapeutic  administration  of  BRMs  appears 
to  improve  host  survival  by  enhancing  endogenous  expres¬ 
sion  of  cytokines  that  accelerate  bone  marrow  recovery, 
the  effects  of  BRMs  on  the  kinetics  of  cytokine  gene  ex¬ 
pression  after  irradiation  are  not  well  defined,  largely  be¬ 
cause  quantitation  of  cytokine  gene  expression  in  hypo¬ 
plastic,  irradiated  tissues  has  been  technically  difficult  (17, 
23).  Recently  developed  RT-PCR  assay  techniques,  how¬ 
ever,  enable  quantitation  of  gene  expression  of  multiple 
cytokines  from  limited  quantities  of  mRNA  (24,  25).  The 
purpose  of  this  investigation  was  to  determine  in  a  murine 
model  of  sublethal  gamma  irradiation  whether:  1)  irradi¬ 
ation  alone  is  sufficient  to  induce  cytokine  gene  expres¬ 
sion;  2)  therapeutic  administration  of  BRMs  alters  post¬ 
irradiation  cytokine  gene  expression;  and  3)  therapeutic 
administration  of  BRMs  alters  hematopoietic  recovery 
and/or  improves  survival  after  experimental  bacterial  in¬ 
fection.  Our  results  indicate  that  gene  expression  of  spe¬ 
cific  cytokines  is  induced  within  5  h  after  gamma  irradi¬ 
ation  and  is  differentially  enhanced  and/or  prolonged  by 
the  therapeutic  administration  of  BRMs.  Despite  the  ob¬ 
servation  that  therapeutic  administration  of  any  one  of 
these  BRMs  accelerated  bone  marrow  recovery,  only  the 
administration  of  S-TDCM  or  Sm-BRM  sustained  expres¬ 
sion  of  specific,  irradiation-induced  cytokine  genes  and 
improved  survival  of  irradiated  mice  infected  with  Kleb¬ 
siella  pneumoniae.  These  data  then  suggest  that  the  selec¬ 
tion  of  BRMs  capable  of  enhancing  and/or  prolonging 
gene  expression  of  hematoregulatory  cytokines  is  an  im- 


pt»rtant  factor  in  determining  survival  to  infection  after 
sublethal  irradiation. 

Materials  and  Methods 

Mice 

IM>I)2EI  J  Icmak  mKT  (The  tailvin  I  .  ltdi  llarNif.  Ml  ).  II 

<»l  age.  |M  i,t  g,  lacrt  IkW  in  i|UdiantirK  loi  2 
spccimcnv  fn»m  \cniincl  ihkt  *cic  cxatnincU  lo  cnsyri'  ihc  atHyiKt'  ol 
afXVitK  inicMinal  haiiciia  and  vimmiHi  muiinc  ilwax'-  b>  mKi<>>'H<|. 
"It>.  'cn*kig).  aiw  hiMiifiall «>l<i|!%  t'p  in  111  niK\  »cn  hmiM-U  m  \ani 
li/ed  46  CTO  -  24  CTO  ■  |S  cm  pnlccaiNinalc  U'ces  *ilh  a  filler  c-incr 
iMicntl^ilaliir.  t.ah  eindocle.  Inc  .  Maciaia^.  Mi  nn  clrrili/cil  haril- 
lacnaJ  chiphniding  in  a  lai'tlilc  acx-rrditrd  h>  Ihc  AmcrH'jn  A^vic'iaiHin 
Aixicdilalnm  id  laUHaimii  Animal  (  arc  M>cc  vcdc  giccn  Iced  and 
ac'idihed  IpM  2  4|  maici  liccic  The  animal  hedding  iicim  laac  TOainlaincd 
»ilh  cimdilhNlrd  Irrsh  an  lhal  1aa^  ctiangrd  al  kail  10  limcc  pci  hnui  ai 
opprtiaimalclc  21  *1  and  |  -  IlKr  |  rclaiicc  humidio  and  »nh  a  12-h 
ligiKdarX  lull  ^{^10lm  lighong  c>ck  All  fc-«cafch  nas  appri»ccd  h>  ihc 
liMilulHnal  Animal  (  arc  and  IV  (  ncnmiiicr 

ItTMll.Ulon 

Mice  nett  plactd  in  ccniilalcd  PIctiglac  c'onlaiiKrc  and  ctpincd  hilal- 
cralU  III  gjunma  ladialHin  Inmi  Ihc  AERRI  "t'o  nmicc.  a\  prccHHixIc 
iVcv.'filvd  (26)  bxpiiNurc  iimc  nas  adjusted  vi  that  cacii  animal  rcceiced 
a  7.0.(is  midlinc  lissuc-ahMUtred  dnse  al  a  nirrninal  dene  rale  id  0.4 
(•>  min  al  amhteni  icmpcrature  I  king  a  siandaidi/ed  technK|ue.  ihe  mid' 
line  tissue  dose  rale  nas  mcasuird  h)  placing  a  0  .'-w  nssue  cquivakni 
ioniralion  chamhci  al  the  center  of  a  2  .X-cm  diameter  csliiHlrKal  acrylic 
mouse  ptianlom  hefoit  irradialion  o(  animals  (27)  The  livsue-lo-aii  raliu, 
ikiined  a.s  ihc  ratio  oi  ihc  dose  rale  in  tree  air  lo  ihc  di>sc  rate  measured 
in  the  phanlimi.  (or  this  arras  sias  0V6  Varialion  niihin  Ihc  esposure 
iMld  was  less  than  (26)  ITie  kthal  dose  for  XiK-,  ,d  H6l)2E  I  J  female 
mice  .Rl  days  aftet  exposure  «,)  lo  this  source  was  <1.6  1  0..R1  (iy. 

BRMs 

All  BRMs  were  administered  i.p.  I  h  after  irradialkm  as  sierik  solutions 
al  dosages  indicalcd  in  ihc  results  section.  S-TIX'M  (Rihi  ImmumK'hcm 
Research.  It<c..  Hamilton.  MT)  was  prepared  as  an  aqueous  suspension  by 
a  modification  <d  the  procedure  of  Vosika  and  (iray  (2I<).  as  described 
previously  (2.4).  Briefly.  2-mg  aliquots  of  S-TDC'M  were  Mduhilized  in 
0.2  ml  of  chloroform  mclhaiHil  (V:l).  placed  in  a  .X-ml  PoUer-EIvchjem 
tissue  homogenizer,  dried  under  nitrogen,  and  suspended  with  homogc- 
nizalion  in  TS  to  contain  41X1  jtg/ml.  Synthesis  of  S-TDt'M  was  previ¬ 
ously  described  (23.  2V).  Sm-BRM  (generously  provided  by  Dr.  Cathe¬ 
rine  McCall,  Cell  Technology.  Inc..  Boulder.  CO)  coolains  two  dislinci 
particle  clas.scs,  i.e.,  natural  bacterial  cell  membrane  vesicles  and  ribo¬ 
somes  derived  from  Srrratiu  mun  r^erns  (31 ).  Sterile  distilled  Wale,  was 
used  to  dilute  1000  iig  of  lyuphilized  Sm-BRM  lo  a  final  enneeniratiun 
of  200  fig/ml.  Sm-BRM  was  injected  within  I  h  of  rcconslilulion.  MPL 
(4<X)  pg/ml)  derived  from  Salmonella  rnieritidix  ser.  nphimurium  (Rihi 
ImmunoChem  Research,  Inc.)  and  prolcin-frce,  phenol  waier-exiracled 
LPS  (50  fx^ml)  from  Escherichia  coll  K235  (kindly  provided  by 
Dr.  Stephanie  N.  Vogel,  Uniformed  Services  University  of  Ihe  Health 
Sciences,  Belhesda.  MD)  were  prepared  as  described  previously  (32). 

Collection  of  tissues 

Sterile  technique  was  used  throughout.  Mice  were  deeply  anesihesized 
with  meihoxyflurane  (Pitman -Moore.  Washington  Crossing,  NJ)  before 
exsanguination  by  percutaneous  cardiac  puncture  using  a  syringe  rinsed 
with  sodium  heparin  solution.  Blood  was  transferred  into  a  vial  lhal  con¬ 
tained  ethylene  diamine  lelraacelate  then  placed  immediately  on  icc  and 
cenlr-rugcd  within  1  h  at  4°C.  Separated  plasma  was  then  frozen  al 
-TO'C  until  assayed  for  CSF  activity.  Spleens  were  pressed  through 
stainless  steel  mesh  into  5  ml  RPMI  1640  medium  to  disperse  cells.  Bone 
marrow  cells  were  obtained  by  flushing  both  tibia  with  1  ml  of  RPMI 
1640  per  tibia.  A  500-)il  aliquot  of  both  cell  suspensions  was  monodis- 
persed  by  gentle  pipetting,  centrifuged,  resuspended  in  RPMI  1640  sup¬ 
plemented  with  10%  FCS,  and  kepi  on  ice  until  cultured  for  Ct'U-GM. 
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Table  I.  Primer  sequences  for  amplification  of  cytokine  cDNA  during  PCR  and  probe  sequences  for  detection  of  amplified  ON  A  product 
on  Southern  blot 


Cytokine 

Antisense  and  Sense  Primer 

Bases 

Spanned 

(size) 

Probe 

Bases 

Spanned 

No.  of 
PCR 
Cytles 

Ret. 

HPRT 

GTTGGATACA<RJCCAGACTTTGTTG 

GATTCAACTTGCGCTCATCTTAtMC 

514-.S38 

6.52-678 

(164) 

gttgttggatatgcccttgac 

562-582 

12 

24 

G-CSF 

GAGCAAGTGAGGAAGATCCAG 

TTAGGCACTGTGTCTGCTGC 

572-592 

1072-78/ 

1325-37(172) 

AGTTGTGTGCCACCTACA 

618-22/ 

971-83 

25 

63 

M-CSF 

ATTGGCAATGGACACCTCAAG 

GCTGTTGTTGCAGTTCTTGG 

286-306 

662-681 

(396) 

TTCCATGAGACTCCTCTC 

571-588 

21 

64 

11.  3 

ACTGATGATGAAGGACC 

TTAGCACTGTCTCCAGATC 

1(100-1016 

2485-2504 

(256) 

TCGGAGAGTAAACCTGTCCA 

2030-2049 

28 

65 

TNF-n 

TTCTGTCTACTGAAC  7TCGGGG 
ACTTGGGCAGATTG  nCCTCAGC 

955-976 

2437-2458 

(5141 

CCCGACTACGTGCTCCTCACC 

2248-2268 

23 

65 

IL  b 

TTCCATCCAGTTGCCTTCTTGG 

CTTCATCTACTCCAGGTAG 

73-94 

414-432 

(3591 

ACTTCACAAGTCCGGAGA 

127-144 

21 

24 

IL-IB 

GCGATGATGATCATAACCTG 

TrcTCGTroCTTGCTTCTCCT 

397-416 

572-592 

(195) 

GCXITCCGAGATGAACAACAA 

454-471 

14 

6b 

SCF 

it. -kit  hgartdl 

GATAACCCTCAACTATGTCfX: 

TACTGCTGTCATTCCTAACG 

156-176 

576-595 

14391 

GAGGCCAGAAACTACATCCT 

384-40 1 

25 

67 

The  reniainikt  of  the  ipknucyie^  «e(c  pnxnplly  ccninfiiged.  tesu^- 
pended  in  200  pJ  HBSS.  hom^nUed  3  to  5  «  in  1.5  ml  RNAzol  B 
(Cinnn/Biotecx  Ltboraiorics  Imemilionil.  Inc..  Friendswood.  TX)  hy  u.s- 
ing  I  tissue  himiogrnizci.  frozen  in  lk)uid  nilmgen.  end  stored  at  -Xl’C 
until  RNA  extraction  could  he  peifanned. 


Culture  of  granukKyte-macrophage  progenitor  cells 

Myeloid  progenitors  (CKU-GM)  in  the  hone  marrow  and  spleen  were 
quantitated  in  soft  agar  using  modiheations  of  a  previously  described 
technique  (3 1 )-  Briefly.  I  x  Id'  nucleated  bone  marrow  cells  or  I  x  Itif 
splenocytcs  were  cultured  in  I  ml  of  (1.3%  agar-McCoy's  5a  medium 
supplemented  with  15%  FCS  and  1110  ^1  of  an  Amicon-hltered  human 
urine  concentrate  that  served  as  a  source  of  CSF.  Cells  were  plated  in 
3S-mm  plastic  culture  dishes  and  incubated  for  7  days  in  6%  CO;  at 
37°C.  Colonies  comprised  of  250  cells  were  enumerated  with  a  dissect¬ 
ing  microscope,  and  data  were  exprcs.scd  as  CFVI-GM  per  organ. 


Bioassay  for  CSF  in  plasma 

The  presence  of  CSF  activity  in  plasma  was  detected  with  modifications 
of  a  bioassay  described  previously  (31).  Briefly,  twofold  dilutions  of 
pooled  plasma  were  added  to  duplicate  35-mm  tissue  culture  plates  (final 
plasma  concentrations  were  2.5.  5.  and  10%).  Pla.sma  samples  were  then 
covered  with  1  ml  of  0.3%  agar  in  McCoy's  5a  culture  medium  supple¬ 
mented  with  15%  FCS  that  contained  I  x  10'  nucleated  tibial  bone 
marrow  cells  harvested  from  nonirradiated  B6D2FI/J  mice.  Cultures 
were  incubated  in  5%  CO;  at  37“C  for  7  days  and  colonies  were  counted 
with  a  dissecting  microscope.  CSF  activity,  expressed  as  U/ml.  was  cal¬ 
culated  as  the  product  of  the  reciprocal  of  the  sample  dilution  and  the 
mean  number  of  colonies  per  plate. 


traction  technique  (3.1).  Aflei  2-piopan<il  precipilalion  and  (IV  spi^iro. 
pbetometric  quantitation  for  total  cellular  KNA,  5  Mg  t>f  ilNA  was 
eicctniphorcscd  in  a  2%  formaldehyde  agarose  gel  that  contained 
ethidium  bromide  to  ascertain  whether  the  RNA  was  undrgraded  and 
accurately  quantitated.  With  this  technique,  the  tinal  preparation  was  free 
of  DNA  and  protein,  with  a  2MI:2WI-nm  ratio  >1  K 
KT  rtmetiom,  RT  of  RNA  was  performed  in  a  final  volume  of  25  mI 
using  the  technique  described  by  Svelic  el  a).  (24),  which  is  a  moditica- 
lion  of  that  described  by  Diamond  cl  al.  (34).  The  final  mist  .re  was 
healed  to  7l)'C  for  5  min  to  denature  the  RNA  and  cimlcd  on  ice.  Then, 
1.2  mI  of  i^T  (2UI)  U/ml)  was  added  to  the  mixture.  ccntrif  «;ed  to  bring 
down  any  condensation,  and  inculsaled  at  37°C  fur  bO  min  The  reaction 
was  then  heated  al  Utl’C  for  5  min  then  quickly  chill  d  on  ice. 

PCK.  Sense  and  antisense  primers,  specific  for  Hie  desired  cytokine, 
were  added  to  the  RT  reaction  pniduci.  along  with  K'R  buffer,  dc- 
oxynuclcotide  mixtures,  and  Taq  polymciasc  (24).  For  each  cytokine,  the 
optimum  number  of  cycles  was  determined  hy  achieving  a  delectable 
concentration  that  was  well  below  saturating  conditions,  as  previously 
described  (24).  1'o  further  ensure  that  equal  amounts  of  RNA  were 
added  to  each  PCR  reaction,  piim  .s  lor  a  housekeeping  gei'c,  HPRT, 
were  used  to  amplify  the  cUNA  ihal  was  reverse  transcribed  from  total 
RNA  and  probed  in  the  same  i  launcr  as  the  cytokines.  Amplified  product 
was  identihed  hy  Southern  blot  analysis  (35)  and  quantitated  hy  densi¬ 
tometry  with  a  Phospho'  .mager  (Molecular  Dynan'  .cs,  Sunnyvale,  CA). 
as  previously  described  (24).  The  probes  were  specifically  selected  to 
hybridize  to  a  portion  of  the  amplified  segment  that  was  tieiwecn  the 
nucleotide  sequences  complementary  to  the  primers  to  ensure  identifica¬ 
tion  of  the  amplified  segment.  Sequences  for  primers  and  pmbes  for  l(.-ri 
and  HPRT  w  ere  as  previously  described  (24).  Sequences  for  HPRT,  0- 
CSF.  M-eSF,  IL-3.  TNF-a,  IL-h.  IL-IB.  and  the  c  kh  ligand.  SCF.  ap¬ 
pear  in  Table  I. 


RT-PCR 

RNasc-free  plastic  ware,  water,  and  surgical  gloves  were  used  lhi\.ughoul 
the  procedure. 

/soMmi  mipwrifitatbim  of  RNA.  Total  RNA  was  isolated  using  mod¬ 
ifications  of  a  one-step  phenol  guanidium  isolhiocyanale  chloroform  cx- 


Bacteria 

K.  pneutrumiae  AFRRI  7  was  prepared  as  previously  described  (.3b). 
Bacteria  were  injected  s  c.  into  mice  that  were  lightly  anesthetized  with 
methoxyfiuranc. 
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FIGURE  1.  Effect  of  sublethal  gamma-ir¬ 
radiation  on  kinetics  of  splenic  cytokine 
gene  expression  determined  by  RT-PCR. 
One  hour  after  gamma  irradiation  (7.0  Gy) 
groups  of  five  mice  received  a  single  i  p. 
injection  of  TS  and  were  killed  at  the  times 
indicated.  Splenic  cytokine  mRNA  levels 
of  IL-1^,  IL-3,  IL-6,  TNF-a,  G-CSF,  M-CSF, 
jnd  SCF  are  expressed  as  a  proportional 
change  relative  to  the  respective  cytokine 
mRNA  levels  in  untreated,  nonirradiated 
controls. 
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Survival  measurement  and  statistical  evaluation 

Thirty-day  survival  among  the  various  experimental  groups  of  irradiated 
mice  were  compared  with  the  gencralixed  Savage  (Mantel-Cox)  proce¬ 
dure  (Program  IL,  BMD  Statistical  Software,  Inc.,  Los  Angeles,  CA). 
When  analyzing  cytokine  gene  exptessioit  by  RT-PCR,  a  log  transform 
was  made  of  the  ratio  of  the  corrected  densities  for  cytokine  mRNA 
measurements  to  the  corrected  densities  for  the  housekeeping  gene, 
HPRT,  For  each  time  period  and  irealment  grrmp  (e.g..  LPS.  MPU  S- 
TDCM,  Sm-BRM,  and  TS).  the  mean  of  these  values  was  calculated  and 
the  mean  of  the  log  transformed  ratio  for  untreated  values  was  subtracted 
from  these  means.  The  antilog  values  of  these  differences  were  then  plot¬ 
ted  along  with  their  standard  error.  A  proportion  of  the  nonirradiated 
control  of  “I '  i*<dicates  that  the  value  for  a  rreaied  group  equals  the  value 
for  the  unireated,  unirradiated  control  group.  In  addition,  a  ime-way  anal¬ 
ysis  of  variance  was  performed  on  the  log  transformed  ratios  at  each  time 
period  to  comp.ire  treatments.  If  the  oiK-way  analysis  of  variance  was 
signifimuil,  then  a  Newman-KeuTs  test  was  conducted  to  ileiermine 
where  statistically  significant  differences  among  treatment  groups  ex¬ 
isted.  Unless  slated  otherwise,  data  are  calculaled  as  the  mean  ±  SEM. 
end  statistical  significance  is  assumed  for  p  s  U.U3. 

Results 

ESects  of  irradiation  on  cytokine  gene  expression 

Irradiation  (i.c.,  inadiated  mice  injected  with  TS)  was  suf¬ 
ficient  to  induce  an  early  (4  h  after  TS  or  5  h  after  irradi¬ 
ation)  increase  in  cytokine  gene  expres.sinn  for  IL-1^, 
IL-3,  IL-6,  and  G-CJSF  but  TNF-o,  M-CSF,  and  SCF 
mRNA  levels  were  unaltered  compared  with  untreated, 
unirradiated  control  mice  (Fig.  I).  At  24  h  after  radiation, 
mRNA  levels  for  nil  cytokines,  except  IL-3,  had  returned 
to  baseline.  E-xposure  to  sublethal  irradiation  alone  thus 


induces  a  transient  expre.stiion  of  niRNA  for  IL-10.  lL-6. 
and  G-CSF  and  a  slightly  more  prolonged  expression  of 
mRNA  encoding  IL-3. 

Effects  of  BRMs  on  cytokine  gene  expression  after 
irradiation 

The  kinetics  of  cytokine  gene  expression  of  IL-I^,  IL-3, 
IL-6,  TNF-a,  G-CSF,  M-CSF.  and  SCF  were  monitored 
for  10  days  beginning  4  h  after  a  single  i.p.  injection  of 
either  25  pg  LPS.  200  pg  MPL.  200  Mg  S-TDCM.  100  pg 
Sm-BRM,  or  0.5  ml  TS.  Because  the  biologic  responses 
were  equivalent  ai  the  dosages  of  LPS  and  MPL  used  in 
this  study,  only  data  from  LPS-injected  mice  are  presented 
for  cytokine  gene  expression  after  injection  of  these  two 
BRMs.  Initially,  injection  of  BRMs  tended  to  enhance 
and/or  prolong  cytokine  gene  exprc.ssion  but  over  time 
gene  expression  returned  toward  levels  observed  in  irra¬ 
diated  mice  injected  with  TS.  For  example.  IL-l/3  mRNA 
levels  4  h  after  injection  (i.e.,  5  h  after  irradiation)  were 
not  increased  by  BRMs  above  the  initial  ■*>  15-fold  in¬ 
crease  seen  in  TS-injected,  irradiated  controls  (Fig.  24). 
but  injection  of  S-TDCM  or  Sm-BRM  maintained  IL-I^ 
gene  expression  above  levels  seen  in  TS-injected  mice  at 
day  2.  Only  an  Sm-BRM  injection  prolonged  IL-10  gene 
expression  beyond  day  2. 

TNF-a  gene  expre.ssion  was  modestly  enhanced  (*>’5- 
fold  increase  over  irradiated  controls)  aM  h  after  injection 
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FIGURE  2.  Comparative  effects  of  a  single  i.p.  injection  of 
BRMs  on  gene  expression  for  IL-1B.  TNF-a,  and  IL-6  after 
sublethal  gamma  irradiation.  One  hour  after  irradiation, 

MPL,  S-TDCM.  Sm-BRM,  or  TS  was  injected  into  groups  of 
five  mice  and  splenic  mRNA  levels  quantitated  serially  by 
RT-PCR  for  IL-1B  (A),  TNF-a  fS),  and  IL-6  (O.  Data  are  ex¬ 
pressed  as  a  proportional  change  relative  to  the  respective 
cytokine  mRNA  levels  in  untreated,  unirradiated  controls. 
Cytokine  gene  expression  for  IPS  and  MPL  are  comjsarable 
and  only  data  for  LPS-injected  mice  are  shown. 


of  LPS  and  at  both  4  and  24  h  after  injection  of  Sm-BRM 
(Fig.  2B).  S-TDCM  administration  failed  to  induce  ex¬ 
pression  of  TNF-a  mRNA  at  any  lime  point  after  injec¬ 
tion.  Although  irradiation  resulted  in  an  ~40-fold  increase 
in  levels  of  lL-6  mRNA,  injection  of  BRMs  funher  en¬ 
hanced  lL-6  gene  expression  at  4  und  24  h  after  injection 
(Fig.  2C).  Subsequently,  only  Sm-BRM  or  S-TDCM 
maintained  levels  of  IL-6  gene  expression  above  levels 
found  in  TS-injected,  irradiated  controls,  and  beyond  day 
3,  only  irradiated  mice  that  received  Sm-BRM  continued 
to  express  high  levels  of  lL-6  mRNA. 

Levels  of  G-CSF  mRNA  were  increased  >*>  lOB  fold  4  h 
after  injection  of  TS  but  subsequent  determinations  found 
G-CSF  mRNA  levels  equal  to  or  belt  m  those  observed  in 
unirradiated  controls  (Fig.  3A).  Administration  of  LPS  or 
Sm-BRM  amplified  gene  expression  threefold  and  four¬ 
fold,  respectively,  above  levels  seen  in  TS-treated  mice  at 
4  h  but  S-TDCM  injection  did  not  enhance  G-CSF  gene 
expression.  However,  injection  of  LPS,  S-TDCM,  or  Sm- 


Days  aKer  Irradiation 

FIGURE  3.  Comparative  effects  of  a  single  i.p.  injection  of 
BRMs  on  gene  expression  for  G-CSF  and  M-CSF  after  suble¬ 
thal  gamma  irradiation.  One  hour  after  irradiation,  LPS,  MPL, 
S-TDCM,  Sm-BRM,  or  TS  was  injected  into  groups  of  five 
mice  and  splenic  mRNA  levels  quantitated  serially  by  RT- 
P('R  for  G-CSF  (A)  and  M-CSF  ffli.  Data  are  expressed  as  a 
proportional  change  relative  to  the  resjjective  cytokine 
mRNA  levels  in  untreated,  unirradiated  controls.  Cytokine 
gene  expression  for  LPS  and  MPL  were  r  omparable  and  onli 
data  for  IPS-injecled  mite  are  shown. 


BRM  was  associated  with  enhanced  levels  of  G-CSF 
mRNA  at  days  I,  .3.  and  5  after  irradiation,  although  not  to 
the  levels  observed  in  the  Sm-BRM  treatment  group.  In 
contrast,  BRM  administration  failed  to  alter  splenic  gene 
cxpres.sion  of  M-CSF  at  any  time  point  after  irradiation 
(Fig.  W). 

lL-3  and  SCF  genes  were  also  expressed  differentially 
in  response  to  administration  of  BRMs  (Fig.  4).  IL-3  gene 
expression  was  markedly  enhanced  at  4  h  and  at  days  1 .  2, 
and  5  after  injection  of  Sm-BRM  compared  with  irradiated 
mice  injected  with  TS  (Fig.  4A).  LPS,  MPL,  and  S-TPCM 
did  not  augment  IL-3  gene  expression,  and,  similar  to  the 
pattern  of  gene  expression  observed  for  M-CSF,  splenic 
mRNA  levels  of  SCF  were  not  enhanced  at  any  time  after 
irradiation  by  any  of  the  BRMs  evaluated  in  this  study 
(Fig.  4B). 

Ejects  of  BRMs  on  plasma  CSF  activity 

Irradiated  mice  that  were  given  saline  exhibited  a  minimal 
increase  in  plasma  CSF  activity  (1 10  ±  .30  U/m!)  .“i  h  after 
irradiation  but  all  subsequent  plasma  determinations  for 
CSF  activity  were  comparable  to  plasma  CSF  levels  in 
unirradia.ed,  untreated  controls  (i.e.,  £40  U/ml)  (Fig.  5). 
Administration  of  BRMs  resulted  in  an  enhanced  but  tran¬ 
sient  plasma  CSF  response  4  h  after  injection.  The  CSF 
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FIGURE  4.  Comparative  effects  of  a  single  i.p.  injection  of 
BRMs  on  gene  expression  of  IL-3  and  SCF  after  sublethal 
gamma  irradiation.  One  hour  after  irradiation,  LPS,  MPL,  S- 
TDCM,  Sm-BRM,  or  TS  was  injected  into  groups  of  five  mire 
and  splenic  mRNA  levels  quantitated  serially  by  RT-PCR  for 
IL-3  (Al  and  SCF  (8).  Data  are  expressed  as  a  proportio- lal 
change  relative  to  the  respective  r  ytokine  mRNA  levels  in 
untreated,  unirradiated  controls.  Cytokine  gene  expression 
for  LPS  and  MPL  were  comparable  and  only  data  (or  LF^- 
injected  mice  are  shown. 

response  to  LPS  was  approximately  twice  that  observed 
after  injection  of  MPL,  S-TE)CM,  or  Sm-BRM  and  ••15- 
fold  above  levels  found  in  irradiated  mice  injected  with 
TS.  However,  plasma  CSF  levels  in  LPS-treated  mice  de¬ 
clined  to  levels  seen  in  irradiated  controls  5  days  after 
irradiation.  Plasma  CSF  levels  in  irradiated  mice  injected 
with  MPL  or  S-TDCM  also  fell  rapidly  but  remained 
higher  than  CSF  levels  seen  in  mice  injected  with  LPS  or 
TS.  In  contrast,  irradiated  mice  injected  with  Sm-BRM 
experienced  a  rise  in  plasma  levels  of  CSF  activity  that 
was  sustained  for  24  h  before  declining.  Mcasureabic 
plasma  CSF  activity  beyond  day  7  was  observed  only  in 
irradiated  mice  treated  with  Sm-BRM  and  S-TDCM.  This 
late  advantage  in  the  plasma  CSF  response  to  Sm-BRM 
and  S-TDCM  is  depicted  in  the  insert  in  Figure  5. 

Effects  of  BRMs  on  myeloid  progenitors  after 
radiation 

Late  myeloid  progenitors  (CFU-GM)  in  bone  marrow  and 
spleen  were  undetectable  in  all  treatment  groups  at  day  7 
after  irradiation  (Fig.  6).  However,  CFU-GM  appeared  in 
both  the  bone  marrow  and  spleen  in  all  BRM  treatment 
groups  but  not  inadiated  controls  by  day  14  after  irradia¬ 
tion.  CFU-GMs  were  not  detected  in  bone  marrow  or 


Days  aner  irradiation 


FIGURE  5.  Comparative  effects  of  BRMs  on  the  plasma 
CSF  response  after  sublethal  gamma  irradiation.  One  hour 
after  irradiation,  LPS,  MPL.  S-TDCM,  Sm-BRM,  or  saline  was 
injected  into  groups  of  three  mice  and  plasma  was  collected 
at  4  h  and  on  days  1,  2,  3,  .S,  7,  10,  14  and  21  after  irradi¬ 
ation.  Serial  dilutions  of  pooled  plasma  (three  mice/pool) 
were  assayed  in  triplicate  for  CSF  activity,  as  outlined  in  the 
Materials  and  Methods  section.  Data  represent  one  of  two 
identical  experiments  with  comparable  results. 
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FIGURE  fc.  Comparative  effects  of  BRMs  on  recovery  of 
myeloid  progenitors  (CFU-GM)  m  lx>ne  marrow  and  spleen 
after  sublethal  gamma  irradiation.  One  hour  after  irradiation, 
LPS,  MPL.  S-T[X!M,  Sm-BRM  or  saline  was  injeited  into 
groups  of  three  mice  and  animals  were  killed  at  the  times 
indicated.  Pooled  tibial  bone  marrows  and  spleens  (three 
rriice/pool)  were  assayed  in  triplicate  to  quantitate  CFU-GM, 
as  outlined  in  the  Materials  and  Methods  seciion. 


spleen  of  TS-treated,  irradiated  mice  until  day  2 1 .  At  day 
14,  splenic  CFU-GM  were  o. 2-fold  greater  in  mice  treated 
with  S-TDCM  and  Sm-BRM  compared  with  LPS  and 
MPL  treatment  groups.  Compared  with  all  other  treatment 
groups,  bone  marrow  CFU-GM  were  ■=»  1.5-fold  higher  in 
Sm-BRM-treated  mice  at  day  21. 
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FIGURE  7.  Comparative  effects  of  BRMs  on  30-day  survival 
in  sublethally  gamma  irradiated  mice  inoculated  with  K.  pneu- 
moniae.  One  hour  after  irradiation,  LPS,  MPL,  S-TDCM,  Sm- 
BRM,  or  saline  was  injected  into  groups  of  10  mice  and  4  days 
later  mice  were  given  a  subcutaneous  inoculation  of  6.1  x  10"’ 
CFU  (2  LDsiviol-  Survival  in  each  experimental  group  was  noted 
daily  for  30  days  after  irradiation. 


Ejects  of  BRMs  on  survival  in  irradiated  mice 
challenged  with  K.  pneumoniae 

To  determine  whether  the  differences  that  were  observed 
in  cytokine  gene  expression,  plasma  CSF  levels,  or  my¬ 
eloid  progenitor  recovery  among  experimental  groups  al¬ 
tered  survival  in  response  to  sepsis,  BRMs  were  used  in  an 
experimental  infection  model  in  irradiated  mice.  One  hour 
after  irradiation,  groups  of  10  mice  received  a  single  i.p. 
injection  of  a  BRM  or  TS.  Four  days  later,  mice  received 
a  s.c.  inoculation  of  either  saline  or  6.1  X  10^  CFU  (2 
LDjo/.su)  of  ®  washed  suspension  of  K.  pneumoniae.  Sur¬ 
vival  was  assessed  for  30  days  and  K.  pneumoniae  was 
i.solated  from  heart  blood  of  dead  mice  to  confirm  the 
cause  of  infection.  The  resulting  survival  curves,  depicted 
in  Figure  7,  revealed  that  all  mice  treated  with  Sm-BRM 
surdved.  Mice  that  were  treated  with  S-TDCM  suffered 
no  mortality  until  the  5th  day  after  bacterial  challenge,  and 
the  30-day  survival  was  70%.  In  contrast,  S30%  of  irra¬ 
diated  mice  that  were  injected  with  saline,  LPS,  or  MPL 
survived  infection.  The  majority  of  mortalities  in  these  ex¬ 
perimental  groups  occurred  within  7  days  of  bacterial 
challenge. 

Discussion 

Our  data  demonstrated  a  rapid,  transient  increase  in  endo¬ 
genous  splenic  gene  expression  of  IL-IB,  IL-3,  lL-6,  and 
G-CSF  in  response  to  sublethal  irradiation.  The  cytokine 
gene  response  observed  in  splenic  tissue  in  our  in  vivo 
model  appeared  to  be  specific  because  gene  expression  of 
TNF-a,  SCF,  and  M-CSF  was  not  amplified  after  irradia¬ 
tion.  The  data  also  indicated  that  expression  of  cytokine 
genes  could  be  differentially  enhanced  and  prolonged,  de¬ 
pending  on  the  BRM  used.  Although  LPS  and  MPL  elic¬ 
ited  abbreviated  splenic  cytokine  gene  responses  and  tran¬ 


sient  increases  in  plasma  CSF  activity,  both  S-TDCM  and 
Sm-BRM  elicited  more  prolonged  gene  responses  and  an 
early  and  late  increase  in  plasma  CSF  activity.  In  addition, 
prolonged  expression  of  multiple  cytokine  genes,  such  as 
that  seen  after  a  single  injection  of  S-TDCM  or  Sm-BRM, 
was  associated  with  superior  protection  against  experi¬ 
mental  infection 

No  previous  in  vivo  studies  to  our  knowledge  have  pro¬ 
vided  direct  evidence  of  endogenous  cytokine  gene  ex¬ 
pression  after  irradiation  but  several  in  vivo  studies  have 
provided  indirect  evidence  that  reconstitution  of  medullary 
and  extramedullary  hematopoiesis  after  sublethal  irradia¬ 
tion  is  mediated  by  hematoregulatory  cytokines  (3,  4,  6,  8, 
36, 37).  Neta  and  Oppenheim  (6)  reported  that  a  single  i.p. 
injection  of  IL- 1  1  to  3  h  after  lethal  irradiation  improved 
survival  in  a  dose-dependent  fashion  in  mice,  presumably 
due  to  known  myelopoietic  effects  of  lL-1  (38-40).  Ad¬ 
ministration  of  lL-3,  lL-6,  G  CSF,  and  GM-CSF  has  also 
hastened  myelorestoration  after  irradiation  by  enhancing 
proliferation  of  myeloid  progenitors  (6,  41-45). 

Irradiation  did  not  induce  increased  expression  of 
TNF-a,  SCF,  and  M-CSF  genes.  The  absence  of  splenic 
expression  of  these  cytokines  may  be  a  reflection  of  the 
specificity  of  the  cytokine  gene  response  to  sublethal  irra¬ 
diation.  Alternatively,  an  apparent  lack  of  expression  of 
these  genes  may  have  resulted  from  tight  gene  regulation 
and  by  waiting  S  h  after  irradiation  to  sample  spleens  tran¬ 
sient  early  gene  expression  may  have  been  missed.  Evi¬ 
dence  for  this  possiblily  has  been  found  in  cell  culture 
studies  in  which  ionizing  radiation  induced  transient  gene 
expression  of  TNF-a  and  IL-1  that  returned  to  baseline 
within  6  h  (46,  47).  Several  in  vivo  studies  have  provided 
indirect  evidence  that  endogenous  expression  of  TNF-a, 
SCF,  and  M-CSF  is  induced  after  irradiation  and  is  im¬ 
portant  for  survival.  Therapeutic  administration  of  TNF-o 
improved  survival  in  lethally  irradiated  mice  and  injection 
of  an  Ab  that  is  specific  for  TNF-a  before  irradiation  de¬ 
creased  survival  (6,  12).  Chronic  administration  of  recom¬ 
binant  canine  SCF  restored  bone  marrow  hematopoiesis 
and  enhanced  recovery  of  circulating  neutrophils  in  Ic- 
thally  irradiated  dogs  (10)  and  injection  of  an  Ab  specific 
for  SCF  before  radiation  decreased  survival  in  mice  (14). 
Similar  studies  with  Abs  specific  for  M-CSF  have  not  been 
reported,  but  administration  of  M-CSF  accelerated  hema¬ 
topoietic  regeneration  after  bone  marrow  ablation  in  mice 
(48).  Therefore,  it  is  possible  that  expression  of  genes  for 
TNF-a,  SCF,  and  M-CSF  occurred  after  irradiation  in  our 
murine  model  but  probably  took  place  in  extrasplenic  tis¬ 
sues,  such  as  endothelium,  bone  marrow  stroma,  or  skin 
(16,  49-51). 

The  mechanisms  responsible  for  prolonged  cytokine 
gene  expression  in  sublethally  irradiated  mice  injected 
with  S-TDCM  or  Sm-BRM  are  unknown  but  the  manner 
in  which  macrophages  ingest  and  subsequently  degrade 
S-TDCM  and  Sm-BRM  may  explain  the  protracted  cyto¬ 
kine  gene  response  (31,  52,  53).  The  superior  ability  of 
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Sm-BRM  to  protect  septic  mice  may  represent  synergistic 
effects  of  LPS  and  non-LPS-rclatcd  components  of  Sm- 
BRM.  Ribi  ct  al.  (54)  showed  that  a  combination  of  MPL 
and  S-TDCM  was  superior  to  either  BRM  alone  in  im¬ 
proving  survival  to  Salmonelta  enteritidis  infection.  It  is 
possible  that  Sm-BRM,  by  providing  both  LPS  and  non- 
LPS  components  of  the  bacterial  celi  wall,  ensured  a  sim¬ 
ilar  synergistic  advantage  in  our  study. 

The  ranked  order  of  the  ability  of  BRMs  to  induce  and 
sustain  cytokine  gene  expression  (Sm-BRM  >  S-TDCM 
>  LPS  —  MPL  TS)  paralleled  the  ability  of  each  group 
to  survive  infection.  This  relationship  was  most  pro¬ 
nounced  for  IL-6  gene  expression.  IL-6  has  been  shown  to 
improve  survival  after  a  septic  challenge  by  decreasing 
overexpression  of  IL-1  and  TNF-a,  increasing  a  protective 
hepatic  acute  phase  protein  response,  and  augmenting  ad¬ 
renocortical  responsiveness  (13,  49-51).  In  addition,  all 
BRMs  induced  an  early  plasma  CSF  response  and  an  ac¬ 
celerated  appearance  of  CFU-GM  in  bone  marrow  and 
spleen.  Enhanced  gene  expression  of  IL-3  was  observed  in 
Sm-BRM-treated,  irradiated  mice  and  may  have  been 
partly  responsible  for  the  late  increase  in  plasma  CSF  lev¬ 
els  and  improved  survival  to  infection.  lL-3  synergizes 
with  M-CSF  in  vitro  to  enhance  myeloproliferation  and 
prevents  apoptosis  by  reducing  the  rate  of  DNA  cleavage 
during  a  Gj  arrest  point,  which  occurs  in  the  first  few 
hours  after  radiation  (55,  56). 

Although  BRMs  may  have  been  present  in  plasma  sam 
pies  that  were  assayed  for  CSF  activity,  it  is  unlikely  that 
a  carryover  of  BRMs  was  responsible  for  the  measured 
CSF  activity.  In  our  hands,  spiking  plasma  samples  with 
BRMs  before  bioassay  does  not  increase  colony  formation 
(i.e.,  CSF  activity).  Comparable  plasma  CSF  responses 
have  been  noted  by  other  investigators  in  normal  and  ir¬ 
radiated  mice  injected  with  LPS  (16,  31,  57,  58).  The  im¬ 
portance  of  this  prolonged,  endogenous  expre.ssion  of 
CSFs  in  mice  injected  with  S-TDCM  and  Sm-BRM  in  this 
study  is  suggested  by  earlier  studies  that  reported  that 
chronic  administration  of  hemaloregulatory  cytokines  ac¬ 
celerated  bone  marrow  recovery  and  improved  survival 
after  myeloablative  therapy  (8,  9,  43,  59-61). 

Bone  marrow  and  splenic  proliferation  of  CFU-GM 
were  absent  in  all  treatment  groups  at  day  7  after  irradia¬ 
tion,  and  no  correlation  between  the  absolute  number  of 
CFU-GM  and  postinfeciion  survival  at  day  7  was  evident. 
Other  studies  have  documented  the  absence  of  myeloid 
progenitors  and  circulating  neutrophils  7  days  after  ir¬ 
radiation,  even  after  therapy  with  hematopoietic  cytokines 
(8,  9,  43).  The  lack  of  correlation  between  the  number  of 
myeloid  progenitors  found  in  the  bone  marrow  and 
host  survival  after  irradiation  has  been  noted  by  others 
(17,  55,  58,  62). 

On  balance  it  appears  that  sublcthal  irradiation  induces 
limited  splenic  cytokine  gene  expression  that  can  be  ex¬ 
panded,  amplified,  and  prolonged  by  a  single  i.p.  injection 
of  BRM  1  h  after  irradiation.  Kinetics  of  the  BRM-asso- 


ciated  cytokine  gene  response  to  radiation  depends  on  the 
particular  BRM  used.  LPS  and  MPL  elicit  an  abbreviated 
cytokine  gene  expression  and  initiate  prompt  but  transient 
increases  in  plasma  CSF  activity.  S-TDCM  and  Sm-BRM 
elicit  similar  early  responses  but  the  responses  tend  to  be 
more  prolonged.  The  ability  of  irradiated  mice  to  with¬ 
stand  a  septic  challenge  appears  to  depend  on  the  ampli¬ 
tude  and  duration  of  cytokine  gene  expression  and  the 
genes  that  arc  expressed.  Induction  of  a  broad-based  cy¬ 
tokine  response  after  sublethal  it  radiation,  such  as  that 
seen  after  a  single  injection  of  S-TDCM  or  Sm-BRM,  is 
associated  with  the  best  protection  against  septic  mortality. 
Additional  studies  need  to  be  performed  to  determine 
whether  the.se  BRMs  are  efficacious  in  the  setting  of 
lethal  gamma  irradiation,  with  and  without  supcrimpo.scd 
infection. 
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